With the use of highly competent Haemophilus influenzae cells, it was possible to demonstrate the uptake of heterologous DNAs. However, these DNAs, as'expected, were only 1% or less as effective when competing for uptake with Haemophilus DNA. Escherichia coli DNA was removed from solution by competent It has been known for a long time that heterologous DNAs do not transfer genetic information in bacterial transformation (14, 22, 23) . For the gram-positive-transforming bacteria, the uptake or binding of heterologous DNA (17, 26) is quite efficient; however, it appears that at the chromosomal level there are mechanisms to successfully prevent the integration of heterologous DNA. What seemed surprising was that for some gram-negative organisms such as Haemophilus and Neisseria, there is a process to select for the uptake of homologous DNA from solution (8, 12, 24) . If competent Haemophilus cells are exposed to a mixture of Haemophilus and heterologous DNA, the cells will preferentially bind Haemophilus DNA sometimes in a ratio in excess of 1,000 to 1 (10, 24). Nonetheless, highly competent Haemophilus spp. can bind foreign DNAs (19), and in this paper it is shown that purified Escherichia coli DNA can bind to competent Haemophilus influenzae cells and this binding is dependent on the presence of recognition signals in E. coli DNA fragments. Recognition signals are defined as specific sequences in the DNA' that react with the surface receptors of competent cells to effect DNA uptake. From the uptake studies of E. coli DNA presented and the DNA competition studies of Vogt and Goodgal (submitted for publication), it is concluded that E. coli DNA has fewer recognition signals than does Haemophilus DNA but that these signals are probably similar in composition. The specificity of DNA uptake must be a reflection of the concentration of uptake signals in Haemophilus DNA.
It has been known for a long time that heterologous DNAs do not transfer genetic information in bacterial transformation (14, 22, 23) . For the gram-positive-transforming bacteria, the uptake or binding of heterologous DNA (17, 26) is quite efficient; however, it appears that at the chromosomal level there are mechanisms to successfully prevent the integration of heterologous DNA. What seemed surprising was that for some gram-negative organisms such as Haemophilus and Neisseria, there is a process to select for the uptake of homologous DNA from solution (8, 12, 24) . If competent Haemophilus cells are exposed to a mixture of Haemophilus and heterologous DNA, the cells will preferentially bind Haemophilus DNA sometimes in a ratio in excess of 1,000 to 1 (10, 24) . Nonetheless, highly competent Haemophilus spp. can bind foreign DNAs (19) , and in this paper it is shown that purified Escherichia coli DNA can bind to competent Haemophilus influenzae cells and this binding is dependent on the presence of recognition signals in E. coli DNA fragments. Recognition signals are defined as specific sequences in the DNA' that react with the surface receptors of competent cells to effect DNA uptake. From the uptake studies of E. coli DNA presented and the DNA competition studies of Vogt and Goodgal (submitted for publication), it is concluded that E. coli DNA has fewer recognition signals than does Haemophilus DNA but that these signals are probably similar in composition. The specificity of DNA uptake must be a reflection of the concentration of uptake signals in Haemophilus DNA.
MATERIALS AND METHODS
Bacterial strains. A subculture of H. influenzae Rd (1) termed Rd 73 was used in this study along with a competence-defective mutant Rd com 101 (2) .
Bacterial growth. Bacteria were grown in Difco brain heart infusion broth supplemented with NAD (2 ,ug/ml) and hemin (10 ,ig/ml Cells were grown to an optical density of 0.16 (optical density at 650 nm on a Coleman Junior spectrophotometer) equal to 2 x 109 cells per ml. The culture was centrifuged and suspended twice in an equal volume of M IV media (15) and further shaken with aeration at 37°C for 100 min. The competent cells used to study the uptake of foreign DNA were highly competent as judged by transformation of H. influenzae for the streptomycin and kanamycin resistance markers. The frequency of transfor'mation was 0.08 for Strr and 0.20 for Kanr. Lower levels of competence differentially reduced the amount of E. coli DNA uptake and led to differences in the ratio of E. coli versus H. influenzae DNA uptake.
Assay for DNA uptake and competition. To 1.0 ml of competent cells was added 3H-or 32P-labeled DNA at 1 ,ug/ml unless otherwise indicated, and the incubation was continued at 37°C for 10 or 60 min or in some experiments for the times noted in the tables. The cells were centrifuged at 0°C at 7,000 rpm in a Sorvall RC 2B centrifuge'for 5 min, washed with 1.0 ml of 0.4 M NaCl for 1 or 2 min, centrifuged at 7,000 rpm for 5 min, and suspended in 0.2 ml of sterile saline; 0.2-ml samples of the supernatant, wash supernatant, and suspended pellet were then counted in a Beckman or Packard scintillation counter. The amount of DNA remaining in the pellet after the high-salt wash represented the tightly bound DNA and is usually expressed as the percentage of DNA added or micrograms of tightly bound DNA removed from solution (uptake). If the DNA were to be tested for transforming activity, a 50-,ul samnple would be removed from the' culture before centrifugation, diluted appropriately, and plated for transformants (9) . The number of DNA molecules taken up by competent cells was calculated from the specific activities of the DNA and their molecular weights. The molecular weights of most heterologous bacterial DNA were close to 20 x 106, except where otherwise poted.
For testing competition between DNAs, the DNAs were added to the competent cells before incubation at 37°C. In some competition experiments, the DNAs were added in sequential steps as noted in the text.
The procedures for preparation of radioactively labeled DNA may be found in previous publications (5, 13) . Competition by E. coli DNA in the transforming system for denatured DNA. Native Haemophilus DNA is the efficient form of DNA utilized in the standard transformation system. Denatured or single-stranded DNA transforms poorly in this system due, in most part, to lack of DNA uptake and also competes very poorly in competition with native DNA. On the other hand, native DNA transforms and competes in a low-pH transformation system (20, 21) at much reduced levels compared with denatured DNA. These data suggested that native and denatured DNA uptake in the two systems were different, although competent cells were necessary for uptake and transformation in both systems and apparently showed some common steps in the transformation process.
Since native E. coli DNA could be bound by H. influenzae, while demonstrating low levels of competition versus H. influenzae DNA, it was of interest to determine whether or not E. coli DNA could be bound by competent H. influenzae cells in the denatured system. Furthermore, the ability of E. coli DNA to compete with H. influenzae in the denatured system should be a measure of the efficiency of heterologous DNA uptake. The assay system was transformation by native and denatured H. influenzae DNA in the presence or absence of native or denatured E. coli DNA. Table 5 shows that (i) native H. influenzae DNA was more efficient in the native (neutral-pH) system than the denatured (low-pH) system; (ii) denatured H. influenzae DNA was less efficient in the native system but more efficient than native DNA in the denatured system; (iii) native E. coli DNA did not reduce the level of transformation by native H. influenzae DNA in either system; (iv) single-stranded E. coli DNA did not compete in the native system but reduced transformation by native DNA in the denatured system; (v) native E. coli DNA did not compete with single-stranded H. influenzae DNA in either system; and (vi) single-stranded E. coli DNA did not compete with denatured H. influenzae DNA in the native system but did compete on a 1:1 basis with single-stranIed H. influenzae DNA in the denatured system. In a separate experiment with a 10-fold excess of denatured salmon sperm DNA, the amount of transformation by denatured H. influenzae DNA in the transforming system for denatured DNA was reduced ninefold.
From the experiment of Mulder and Doty (18), it is known that heat-denatured DNA contains a variable but definite fraction of snap-back molecules that behave like native DNA. In this experiment, the amount of native-like material is about 10% of the unheated material. From the experiments on uptake of denatured E. coli DNA, it is concluded that E. coli DNA can compete as effectively as H. influenzae DNA in the low-pH transformation system and that the apparent specificity of DNA uptake by H. influenzae competent cells is limited to uptake of native DNA molecules.
DISCUSSION
There have been several proposals to account for the specificity of uptake by Haemophilus spp. The two most probable explanations were: (i) a modification in Haemophilus spp. renders it susceptible to uptake, whereas foreign DNA lacks this modification-the cloning of Haemophilus DNA into E. coli and the demonstration that this cloned DNA was as specific as DNA taken directly from the donor cell eliminated the modification model (4, 6) nature of the recognition signal has not yet been established, but it appears that it is not simply the 11-bp sequence, since these apparently are not present in E. coli DNA. The uptake of fragments of phiX174 RF1 and pBR322 DNA by competent H. influenzae that contain fewer than 6-bp homology with the 11-bp sequence suggests that a degenerative sequence of the 11-bp sequence is not the explanation for the uptake of foreign DNA (11) .
In this paper, we have shown that purified E. coli DNA with molecular weights of 25 
